BT TSR et J0d R TE SR w o ot W S Py Rt M Prpb DAL TR e e e A w8 W T A el R AL R Y I e el g P P S, SR R S RS )

=_T
OB Ty P
) —

P . . ¥ _,,‘/ -
Y ) F. L e
Yar o ;{(-’, _*;;{ - ‘
aul‘v -~

~ | ' :
s >~ ATMOSPHERIC REFRACTION ERRORS
] G FOR OPTICAL INSTRUMENTATION

[

PRELIMINARY REPORT .

PROPERTY

i AR
; OAL 1.7 SRARY; /

CTROYING GR ]
NG GrOUNDY

TR T
venen ¢ ¢
e

g

-

TECHNICAL MEMORANDUM NO. 10.4

October 1953

e LR |

’

{

.
H
H

H

i;i

gsi
e !

» White Sands Froving Ground Lt P
las Cruces, New Mexico




. m ‘:Pm ummmwt TR T TS IA ™ T TR IR W W T~ ) ST e

ATMOSFHERIC REFRACTION ERRORS
FOR OPTICAL INSTRUMENTATION

Preliminary Report

TECHNICAL MEMORANDUM NO._104

15 October 1953

Prepared by MA&M Reviewed by : ‘%jj M‘w

DR FRED § HANSON ) W MUEHLNER

Reviewed W
AS W MORGAN
MAJ, USAF -

SYSTEMS ENGINEERING BRANCH
FLIGHT DETERMINATION LABORATORY
WHITE SANDS PROVING GROUND

Las Cruces, New Mexico

Approved by ;

JA MANATT
LT COL, USAF

= RS o AT T T T T T A T T T T R Ny 3 e e T A S A s ST
R S T S R o R R D T S A D R Sy iy i SRR

T



[ erln

o
Al S

!
")

o A A

3

A

i,

Iy

%‘ - g
” i
4
« ¥
»
"
Lo
b
d

bt

.
»

TS T T

This document contains information affecting the National
Defense of the United States within the meaning of the Espio-
nage Laws, Title 18, U. S. C., Secticns 793 and 794. Its trans-
mission or the revelation of its contents in any manner to an un-
authorized person is prohibited by law.

- e




ABSTRACT

Differences are brought out between guided-missile refmcltion geometry and astronomical
refraction geometry. A simple relationship between angular refraction of light, refraction
_ error for ground observer, and refraction error for gerial observer is demonstrated. While
cmgulur. refraction of light depends only on the extent of appreciable density of the atmos-
phere, the two types of refraction emor continue to vary beyond this point, due to geometry.

Basic equations for atinospheric refractive index, angular refraction, and refraction errors
for ground and aerial obse: vers are derived from physical principles, without resort to em-
pirical equations or grapnical integration. Previously available equations for rmgular re-
fraction and refraction errors were applicable only to altitudes of less than ]’J.n:ile's or
only to infinite altitudes. Present equations hold-for any altitude. “Methods of this repori_

are capat'e of application to any atmospheric temperature profile.
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1. _INTRODUCTION

This repor: makes available part of the basic work which is being done by the Flight De-
terminatior Laboratory on atmospheric refraction errors in the instrumentation of guided
missiles.l) A comprehensive study of atmospheric refraction errors for optical instrumen-

tation, based on a flat earth assumption, will be published subsequently.

II. VALIDITY OF FLAT EARTH ASSUMPTION FOR ATMOSPHERIC CALCULATIONS

The relative mass of the atmosphere at any elevation angle is given approximately by the
cosecant of the elevation angle. This relationship is correct for a flat earth and a flat

atmosphere.z)

To obtain an approximate measure of the accuracy of the above flat earth relationship, it
was compared with results obtained by a spherical earth equation, Duntley (Ref. 1) gives
an equation for relative number of molecules per unit volume at any altitude, which can be

rewritten in terms of relative density :3)

-2
L ¥ ¥ (1)
0 ° 1
£/,
b
p = density of atmosphere at altitude y Sy e
, X
‘ )
Po= density of atmosphere at ground level ! !
\ p
y = altitude above ground level (in miles) ) /-/

The same equation in terms of slant range (for a spherical earth) wculd be:4)

2 .
_\/'0 + 2r°lsmE + tz -1,

= € 4.21

p
Po

(2)

1) Most oj we material in the present report was publisbed for local distribution at WSPG on 2 February 1953,
2) 1n the present comparison of the relative air masses at various elevation angles for flat and spberical earths,
n0 accownt is taken of the slightly curved path followed by radiation arriving at a given angle.

3) Actually, an equation of this form is correct only for an isothermal atmosphere.
4) Derivation will be given in a subsequent report.
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radius of earth to ground level (in miles)

slant range from ground level (in miles)

E = elevation angle
LY
- b
)'0' Foﬁ “an

The total integral of p with respect to [, for a given value of E, is a measure of the total
air mass at elevation angle E. Graphical inteqratio;s were carried out for several values
of E, using equation (2). The resulting totals were divided by the vertical !/air mass’’
obtained as the integral (from 0 to <) of p with respect to y, using equation (1), Figure 1
shows a comparison of the relative air masses at various elevation angles for flat and
spherical earths. The foilowing table gives the percentage deviation of the flat earth equa-
tion from the spherical earth equation at low elevation angles:

Elevation angle :0° g° 8° 7° - 6° s° 4L

=2y

% deviation of

flat earth equation 2.0 24 3.0 3.9 69 11.8 18.7

Where 5% accuracy is sufficient, it appears that a flat earth assumption may be safely used

down to about 7° elevation, for those atmospheric parameters which have a linear depend-

ence on intervening air mass.

. VARIATION OF REFRACTION PARAMETERS WITH ALTITUDE

A. Pressure

A linear decrease in temperature with altitude is characteristic of the troposphere as a

whole. For this regior the relationship between pressure and altitude may be written

(Ref. 2):

1
<T . ‘-v)‘ o= (3
To
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a, p = pressure at altitude y
o
3 . p, = pressure at ground level
Y,‘ L. = vertical temperature gradient, AT/Ay
igfa . = gas constant for air, p/gpT or p,/9p,T,
- . T,= absolute temperature at ground level
3 = acceleration of gravity
T = absolute temperat:..2 at altitude y
B. Density
: Since P _ _?_ T°
g Po P T
4
' ) and T=T + Ly
AR (-]
.{;,5 L
3 p [T, +Ly)" Ir (4)
. P T,
o C. Refractive Index
1f the refractive index of dir at ground level is:
n =1+ a
the refractive index at any altitude may be expressed as:s)
n=1+a-"> (5)
Py
: For the troposphere:
;; h =1+0(1+T°Y) (6)
a : 5) Proof will be given ix a subsequent report.
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D. Angular Refraction of Light

For ~ (lat earth, it can be shown from Snell’s law that: (Ref. 3)

cos E n, (7)

cos E',‘o n

-
)

2 = elevation angle (duection) of light ray at altitude y

E°= observed elevation angle of same light ray at ground level

Tquation (7) may also be written:

cos_(_Eo - A.‘:'a = :° (3)
E
o

cos

A.R. = ongular refraction of light ray between y and ground level

From equation (8} it is easily shown that :%

AR = 2 ___  cot Eo where A. R. is in radians

For practical purposes :6)
A.R. = (no - n) cotE0
or A.R. =(1 + uo—l—aop c:otE° = uo(l- p)cotEo
Po Py

For the troposphere :

l_ 1
- — -1
A.R. = all -—(1+_L'_._9 LR cot E ()
Oi To ]

It should be noted that this equation jives angular refraction in radians.

6) Since nis generally less than 1,.0003 for opticel frequencies, -the error in this approxindtion R be legs
tham 0,
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Although equation (9) was derived for the tropnsohere, it may be extropolated to any al-
titude. Using the National Advisory Committee for Aeronautics standard atmosphere (Ref.
2) as a working model, checks have been made through the isothermal layer above the tro-
posphere, and through the next layer, which is characterized by a linear increase in temp-
erature with dltitude.”) The maximum deviation of the extrapolated troposphere equation
from the complete equation was 1.7%. The relative-density term in the troposphere equat-
ion goes to zero at a definite height.e) Above this height it is necessary to use zero for

the density term, and equation (9) then reduces to the well-known astronomical equation

for total anqular refraction over a flat earth:

A.R. = a cot E, or A.R. = q, —:iiniEEl:—o
o

At low elevation angles, the total angular reftaction will be an approximately linear funct-

ion of 1/sin E_,or air mass. A flat earth assumption, then, may be safely used for total

angular refraction down to about 7° elevation. It would appear that the same rule may be

safely applied {5 partial anqular refraction (equation (9)).

E. Refraction Error for Ground Observer

Figure 2A represents the geometry of the refraction problem for a quided missile, or other
objec’. in the vicinity of the earth. Light from a point on the missile (M} starts toward the
ground along the line which forms elevation angle E with the horizontal. It follows an in-
creasingly curved path and arrives at camera C at observed elevation angle E o The differ-
ence between the initial und final directions ts the angular refraction (A.R.). The differ-
ence between the final and true directions is the refraction error (R.E.) for the ground
observer at C. The difference between the initial and true directions is the refraction error

(R.E!) for an cbserver (or camera) in the missile looking at the ground target (C).

Obviously, A.R. = R.E. + RE (10)

7) The equation used to calculate angular tefraction, accarately, through several regions of the atmospbere
will be given in a subsequent report.

2 Sk
8) For NACA standard-atmospbere data, the relative-density tcm( 1+, y) . b
145,370 ft. (above sea level). o
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Fiqure 2B represents astronomical refraction geometry, where the cbject (O) is effectively

at an infinite distance from the earth, Under these conditions, rays from O arriving at the

e .uh.‘.!‘m.m“' [ T X YT :wvﬂww%

earth’s atmosphere are effectively parallel to the true direction, The (angular) refraction

error for an observer at O would be zero, and A.R. becomes equal to R.E. In observation-

e,

al work on stars or planets, the angular refraction of light in the earth’s atmosphere is

synonymous with the refraction error (or refraction correction).

¥

0y To calculate refraction errors for guided missile work, it is necessary to introduce a hori-
:§ zontal coordinate x, which is defined in this report as horizontal range. Corum (Appendix
%Et to Ref. 3) gives a flat earth equation from which the (angular) refraction error for a ground,
observer may be evaluated :9)

i

Y
( n cosE
Q. [}
)‘V‘ n? — nfcosz E,
o

dy

X =

"
i

s
4 For a given value of X, the corresponding corrected value of y can be obtained by solution
N3
i i of cguation (11). Then: R.E. = Eo- arc tem "Yx‘ . Terman (Ref, 4) gives essentially
:s equation (11) for radio-frequency propagation it the ionosphere, with derivation references
dating back to 1926.
‘L Mallinckrodt (Ref. 5) has published a corresponding solution :9)
K> y
i t E v
' co -V
%‘x x = YcotE  + J 2 dy
) sin? E v
2 [-] [+ ]
9
7] .
;'3 v = velocity of propagation of racdiation at altitude y
I ]
& v, = velocity of propagation at ground level
::!' Equation (12) may also be written :3) y
3
= cotE | n ~n
E; x = yeotE + —21-2 dy
13 sin® E n
:E’éi
K o
%3} systems, but directly applicable to optical systems,
&
3
z
i; 6

m“.. .

(11)

(12)

(13)

A }._’(:‘ *&m’u*\'cﬁ% e- TN *.~.\.-.“- q..v;:g-:~. _-‘ e --:~
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For refractive indices very close to unity, it can he shown that equations (11) and (13) are
approximate identities.s) Mallinckrodt’s equation reduces the work of integration and has
the advantage of being in the form : x = cotE (y + Ay). Equation (13) may be simpli-

.10)
fied to : Y

tE_ + cot E, <n n )dy 1
X = yco -
Y ° sm’-E (14)

The function n ~n was evaluated for the troposphere in equation (9). Substituting this

term in equation (14): y
’ 1

L - —

a, cot E _ Q iR )
I 2l | R . day (
[]
’ Integration gives :5)
- L
- . a cotE L LR (16)
= tE oo + RT. I 1 +—v 1
X ycotkL =+ siano Y o( T°>

It can be shown geometrically that :5)

Z(R.E) = AycosE, or R.E. = _CEM

{ = slant range

Ay = apparent y minus true y

10) Tbhe error in the function "o — ® is covered by footnote 6). The error in the integral will be discussed
later in this section, n

S T T S e R R e R A R

W N e ..\..1.;!; ‘n‘ " f .



Substituting for Ay from equation (16) :

L3
” L - ———

RE = _>2F% % y + RT, (] +__yY) LR _
! siano T

o

Since I sin E is approximately equal to y :

1
E L <
RE =2 L RT|f1 + —vy) ~®-1
ysmEo ° To
/ 1
RT L \=-+r—
or R.E. = a cotE 1 + __°(1 + y) LR .1 (17)
v T,

If roughly approximate values of x and y are obtained in the first step of a reduction of tra-

jectory data, the angular refraction error is given by :

L - —
R.E. = aox_ 1’- RTo (l + —vy} LR_ {18)
Y ¥ T,

It shouid be noted that equations (17) and (18) give refraction error in radians,

Although equations (17) and (18) were derived for the troposphere, either one may be used,
practically, for any altitude. Using the NACA standard atmosphere (Ref. 2) as a working

model, checks have been made through all (nine) regions of the standerd utmosphere.n)

11) The equation usedto calculate refraction error, accarately, through all regions of the NACA stamdard at-
mosphere will be given in a subsequent report. NACA data for the troposphere are as follows :

T, = 518.4 “Rankine L =.,003566 F/f

Height of troposphere :  (to) 35,332 ft. above sea level
Value of R taken as 53,3583 ft./°F
Value of a, taken as 0,0002728 from value given by Epstein (Ref. 7). A better choice for optical frequencies
would bave been 02762 from value given by Sears (Ref, §).
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. Table I and Figure 3 show a comparison of the FDL complete equation, an empirical equa-

tion published by Mallinckrodt (Ref. 6), and the above single-region equations. Refraction

) error was calculated by each equation for a series of altitudes (and several angles). Of the
troposphere equations, {16) was actually used together with : R.E. = Eo — arctan Y,
x

Most of the deviation of the Mallinckrodt equation, within the tropospnere, is due to the
difference between Cocoq, Florida mean annual temperature (21.2°C) and NACA standard
temperature (15°C).12) It may be seen that Mallinckrodt’s empirical equation is accurate

only for the troposphere and becomes unusable above about 70,000 feet.

The small deviation of equation (16) in the troposphere is due to simplifying -ES’-%—IL—tc n,—n
(within the integral term). Equation (16) shows a deviation approaching 1% in the isothermal
region above the troposphere, but this deviation decreases at higher altitudes. 1'he pressure

. term in equations (16), (17) and (18) goes to zero at a definite heiqht.13) Above this height
it is necessary to use zero for the nressure term. In Figure 3, the curve for the single-region

@ equation is drawn to show what happens if the real part of the complex number, which develops

above this height, is used instead of zero.

The anqular refraction of light varies .1y within-the extent of appreciable density of the
atmosphere. The refraction error for a ground observer continues to vary beyond this point,
due to the purely gecmetric factor of vertical distance. In equation (17), R.E. does not be-

come equal to total A.R. until y is infinite.

If vy is fixed at the value where the pressure term becomes zero, equation (17) becomes :

- RE = a,cotE, (1 - RT°> & RE = a °°SE°(1 - fh)
-]
Y sinE, /

12) A comparison based on Cocoa, Florida data will be given i a subsequent report,

13) For NACA standard-atmospbere data, the pressure term 1+ .L.y

F'F\ ;\
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If range is now increased te maintain this same value of y as the elevation angle is de-

creased, the refraction error will be an approximately linear function of 1/sin E or air mass. ,
For very long ranges, then, the flat earth assumption may be safely used for anqular refrac-

tion error down to about 7° elevation. It would appear that the same rule may be safely :
appliad for ordinary ranges. - -

Where the lower regions of the troposphere show an irreqular temperature profile, it may be
desirable to break up the troposphere into a series of reqgions with difierent temperature
gradients (either positive or negative). The integral term in equation (15) then becomes a

series of similar integrals.M)

F. Refraction Error for Aerial Observer

From equation (10) :

’ ~

R- Eo = Ao Rc bt Ro Eo ( 19 )

Substituting equations (9) and (17) in equation (19) and collecting terms :

1
’ RT L - =1 RT L
R.E. = a cotE o {1 LR 1 o —
P LE, & — <+T°y) +y(1+Ty) (20)

1t should be noted that equation (20) gives refraction error for an aerial observer in radians.

From previous considerations, equation (20) may be used for any altitude and may be safely

used down to about 7° elevation.

14) The use of the above refraction-error cquations to fit any lemperature profile of a stationary atmosphere
(including possible isothermal regions) will be covered in Jetail in a subsequent report.
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s Figuwe 2A. Refraction Geometry for Guided Missile
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] Figure 2B.  Astronomical Refraction Geometry

riq 13 :?‘-"i-;:'-ugji— L.
- >

AT : n .- . ('J"'.‘- 1‘7 “-.. ‘N ,'- "..‘
W |

£ Rt I

¥7




(eqvag unif) ea ui spailly

H %
' 1 1) 1
1]
h
L]
r -4
r
L
] T
' ! . ¥ H
i ek
m = ® -
apas uy ¥ nuEy
i 1]
1 T u § ot pgRgaus
H i sggun sy 1 gas Hi{3HH
& ? i
[} I 1
r Sne an 7 + T iy
] s + 13 - -t u.._ =3 E Tid e H11H]
p 1 1 T yIpet = e, g b
i pugugpipak oy 3 1 g Bakugnan 1 1
1 1 4 3 s S8N - + + 3 - -1 + + 1107 ﬂ Tn.
m I SEds g ny IEE NI NS AN SRN] 0| I g 1 Fi passdnul i e &
t++ Pt 1 v + v -'m
4L P! -+ + - -
r 1 54 Easshdi SRERGE 1 ] ERAS emgty : 2 =~
‘ TTKJ e + ! O «\ - T.lev 1 1 I‘A
! 11 =, T : ! ; . . o
_ it ; B SRR FRESER EEORRSSEREING. HASHTEREE _ K N
y it pass o T 5 Ty ¥ 1 ! ....w.@
- T W B T T 20 1 I g e S i g + s
B it T P S R LT R R 7] b g
I.uh J_,MTT I 4= .H. -7 B HH s TMAT Bl o r+ IREES. e ol
i O Ty SRR Bt ety i HoT L i LN
; RIS i 1t il daganREpiacts: Ee S piRasa Eagtazsiay fagest 1had MUK Pt ‘o~
S T[ae oyt R STn T T T R A ; Dl ‘l._lu; | IREE B .!..\m
PORE S RPAG e 3 i RN IES R Rt L) ,H_w T4 #‘vfw T i N - ..\.\U
RIS EAUES SRS S e : SRgyEaRi st sty fans I3 el analal ca b i AN Fadls T 111 r,
BE B ; SGNGINHE h feitctice et AiEes [ i :
R R R ETTRS SOON M i ERnE 5 P 174 jag AERgEs 458 g 3 H
U N | e : e LR El _ S HTIN i i
. U e e TR T B S RS s FHTRIHL et T - .m
; ’ ; e e e I e a4 g g e T AT T e T
_ SRR PN PR EaR e il T Lt D B ) e e S At F=ag i :.m;k SERRE SR =ET Fiesy Faa R RETe 171 358 ]
I .TL bt MR ey pyeqqasatifoss Sa8elndisy fdtn: friopde I i; LR i I3
SRR IS SR 0e B S & bl b Ankilbun vy pisud lowatulntn oty ehied baki SEERESabud dISRE CaR AR 205 LTS SSENE AN i1,
RRRS haaw: it N IS Y RN T Cidrad T i B e L T TR YRS R MEOOS S byi I
B AR I TEA R e ey s fonts A8 MM dpat asnaq nist sifarsiet FETT i phls T s
ﬁ B Eantl Iiss fama A Euhud baulaisd bEntsERub] cUE TR P R Ssaesitsies s ibel ME: RS At ity i
Ctead-atd P SR PEERUREY FRgREE i |y jquney 11 43 P a4 4 A REpapayuyyps L Ti g+ - 1 o 13 ] %A
St e L L T e P R T I R R e R s g e e e R
R o T g B ! Er uﬁ b AR Rass g qwas: it S o 133 AL IR T T S
g g 1Ty Jﬁ E HuESE DYy gAi 8 jags s § R gRwpay Y T T T EHEET 11
It by S T % W _ﬁv Jagupiunsqarse] s aannyy g i i dngghiint vung: i
EO NS PRy R i Sy orh i . L BBy R SRR ja s G EWREY SN 4 p
b EE.d HE T AT jSaatya e isarabetiapats : T A E EH A H
T e ny n + . SRpn L +
TERE H 3¢ S e FI segisashfed L3 pEGERgas
Bajadhudbl sgPy Faid . simafbapaie ww . lodSadpusl onped R sagggian i
= H L R iR TR B i Eaeslinnhas Ina ] .
i )3 5 MG S N - T 1 R B T -
R IS e i Ere e R EeENR £ e T i
e 1 e i o TV ammal S8 -
IRR R - Mrabas Sy A7) : " 3T
waky JONR Ay f&. JRERE ST
T - + }
m aul b+ | 1 e bt L..:. -t W.
jpn 1 - 33
e y! R “ g REnl
T L T A NP RSN
. sl 1 aaifjesats
P o w I
) RS EaEss Was aub - Es
_% -331 -4 * l
m .*T ‘1,_1 + 1t
oE f=ga] pass "
- - an 1




i
;
m . 00°0- 009°s12- £9°99 or 0001 000°082°S
i
i
m 100~ 2291~ 99°50 o5 001 000'2S
i }
1 M
M | 200~ ges~ 61°68 o» 867 00°2€2
] .
; | s0°0- 598 ass . oy 20°1¢ Z50'p91
1
) 4 .
: : 810~ 9€e- £E°E¥2 or 1522 691611
M 1z°0— 978~ 29°s1 (i3 86’12 £50°011
M £e0— ¢'cz— 6565 o 88°61 286°901
% 160~ z8- 89°'1% o 9z°€1 000°0%
|
| 100~ 0s— $9'92 o 69°9 zee'se
o Fkow
20°0- Le- SI°s1 ov SE°E 999°L1
z0°0- '+~ 68°c 0L SLT L0581
u £0°0- S'g—- 20°8 0¥ 291 ££88
|
m . g0°0- 0's- $8°2E o ¥l .
m s MM« (91) uoronby uoggonb (240 Jo *23s) () (‘nu) ()
K dsaydsodory  gparyouspp uoponby woypasly apminty aprany
“ :uopsonby 239)dwon 7q4 azapdwon a4 juamddy jua.mddy ruswddy it
»  wouf suopvnby 1ay10 Jo uonvlazqg % Lg gy N.,.?“
v
(uomonba sposyouryvy Jof 1d2ox3 ) v10q YOV N .” .4
3%
suononby snouw 4 Aq parpmoIny) 13a495q() punols 10f sioury uoyovifay Jo uosuvduwon m\.. M
| i
| =
| 13179v2 &
_

L L 04 . 'q

ANTWAR o LN iatus GBI | ey g el i P
22 DRRR  Sobade) ~ SYCR et e
STty LA L, kv = a0 o -

D




i T Wl Lf M Sl N Tl S L 27 B

POt |

* e X v “'“M’;W"fﬂ
4 L

Initial Distribution of this Report is as Follows:

Copy No. Copy No.
WSPG ROO, DAC 45
GO 1 BELL TEL 46
TS 2 GE 47
TIB, Tech Lib 35 JPL 48
FDL 6-13
EMLD 14,15 RSA, ORDDW-Tech Lib 49-51
STD 16 ORDDW-QC 52
WSSCA 17,18 Guided Missile Center 53,54
BRL Annex 19
JPL 20 BRL, APG
GE 21 Attn : Dr D Reuyl 55-57
BELL TEL 2 COMM, ORD SCHOOL, APG 58
DAC 23
USNOMTF 24 LAOD, DAC 59
USMC Liaison Off 25 0OCO, Rel Gr 60
Corporal Br 61
0OCO, ORDTU %
ORDTX-AR 27 AINSMAT, ABL, Cumberland 62
ORDTX-P 28
ORDIM-GMEVT 29 Ft Bliss, AFF Bd 4 63,64
ORDTB-Bal Sec 30-32 AAA & GM Br, TAS 65,66
ORDTB-British 3341 AAA & GM Center 67,68
ORDTB-Canadian 42-44 1st GM Bry 69

16

. . y * >
B ol

i
o
n,

o~ v FFIE -).;(')f SN ST, ,J‘f TETET ": Pl T ] “) R A A L R B R P A A A T S A AT R e
&%ﬁmﬁ% A s O o S e e R R R NS



R AEERE RN AR RN S AR M sl A R ik el R, o Sk -

Copy No.
CDR, NOL,, Silver Spring CG, ARDC
Attn : Res Dept II 70,71 Attn : RDR 87
Attn : RDK 88
CNO Attn: RDT 89
Attn: Re 3 72 Attn: RDO 90
Attn: Re 9a 73,74
,‘Qgéé‘ CER, USNFG, Dahlgren 91
i‘ CDR, USNOTS, Inyokem
ﬁt Attn: TL & ES 75 CG, AFMTC, Patrick AFB
g Attn: Code 3512 76 Attn: Tech Lib (MTTL) 92,93
fé Attn: Code 3033 77 Attn: TS Lab 94
s ONR CO, HADC, Holloman AFB 95
- Attn: Code 408 78,79
JUNS CDR, NAMTC, Pt Mugu 96
' RDB Attn: Analysis Div 97
Attn: Lib Br 80,81
Attn: C on GM 82,83 CO, NAOTC, Chincoteague a8
CO, Army Mcp Service Lib,EC 84
Attn: Dr J O'Keefe 85 CG, AFSWC, Kirtland AFB 99
Sandia Corp, Sandia Base
P 3 CO & Dir, NRL Attn: J J Miller 100
f Attn: Code 2021 86 Attn: G Economou 101

‘,;.:,L\n- - - e s -I,"':(,_ 7 PR AT AT R R RN 1 A CLA L LR T T ~, NN
%é}}kﬂmﬁﬁﬁﬁﬂﬁﬁ&i&m T e e S S g 4, R A R S




r i, . . A ad S W Edan - = — W— . ———— e e ——

-~
B PR

}‘ igﬁas“. 1, * ;"‘*Aa
s SR M S

Copy No. Copy No.
CG, AU, Maxwell AFB CG, AFCRC, Cambridge
Attn: AU Lib 102 Attn: CRHSL 118
Attn: CRRAL 119
Wright-Patterson AFB
Attn: WADC 103 Dir, NACA
Attn: WCSG 104 Attn: Div Res Info 120-123
Attn: WCCRMZ 105
NACA, Langley Field 124
€O, SCEL, Ft Monmouth Attn: Inst Res Div 125
Attn: Dir of Eng 106,107 AWS, Langley Field
Attn: R & D Div 126
CG, RSA, Huntsville
Attn: Tech Lib 108,109 APL, JHU 127,128
CO, ERDL, EC, Ft Belvoir 110 PSL, NMC of AGMA
Attn: A H Gardiner 129
Dir, SDC, ONR, Sands Point /
Attn: Tech Info Desk 111 Dir, USC&GS, Dept Commerce 130
CG, AFAC, Eglin AFB Weather Burequ 131
Attn: Office, Anal & Repts 112
_ CIA
,;q ASTIA 113-117 Atm: Liaison Div, OCD 132
4
£ BELL TEL, Whippany Harvard U, Cambridge
39 Mtn: H T Budenbon 133 Atm: DrF L Whipple 141
;‘; Attn: Dr E D Hoffleit 142
% £ Y 18

Cipea
)

S PR T iy

NN AS
i)

. R T R A T o D e g e
b 5 o . &
L M LR R AK R .?3. A %

ety ST




L
ik

K X, LA + WP~
AW SN,
o iiud Wit »

I X

gt % ) .4_.‘!‘

e

1

b
‘i S
5
I,F.
53
k3, 5
Y
o

-

P

GE, Schenectady
Guided Missile Dept
Attn: C C Botkin

OSURF, OSU, Columbus
Attn: M&C Res L.1b

Cormell U, Ithaca
Attn: Dr R W Shaw

JPL., Cal Tech

Attn: Reports Group

DC, ORO, LAOD
Attn: Dr J B Edson

Ohio State U, Columbus
Attn: Dr J A Hynek

NMC of A&GMA
Attn: Prof L. B Shires

e Thad 1 S ETMAAE T TREL 41 7N T e i it

Copy No.

134

135

136

137

138

139

140

AL dee Bl e Wt hi M A Bl W e - e BA B B - Edea | B Al

Dir, Griffith Obs, LA
Dir, Mt Wilson & Palomar Obs

Yule U, New Haven
Attn: Dr D Brouwer

Yerkes Obs, Wms Bay
Lowell Obs, Flagstaff
Cincinnati Obs, Cinn

Attn: Dr P Herget

USN Obs, Washington
Attn: Dr G M Clemence

144

145

146

147

148

149

L McCormick Obs, Charlottesv

Attn: Prof H L Alden

- . -

el

- WA BLE S




' "‘t;—‘ A ar
FEREE ey
v
Yo e
. - ?"%m;g,ﬁ

Copy No.
f
Warner & Swasey Obs, Cleve 8
Attn: Prof J J Nassau 151 ¢
Chamberlin Obs, Denver
Attn: Prof A W Recht 152

fg Dearborn Obs, Evanston
(3
% Attn: Dr K A Strand 153
K
‘ L.euschner Obs, U of Cal, Berk
: Attn: Dr Otto Struve 154
1
i 7%

Indiana U, Bloomington R
ii Attn: Dr F K Edmondson 155 1
<§ Sproul Obs, Swarthmore

Attn: Prof P Van de Kamp 156

Inst of Paper Chem, Appleton
Attn: Dr J A Van den Akker 157

| ERSEIIRSIRIA |

Jond
A,

o
grih,

X

RO

WSPG, TIB, Files 158-225

T
&1 4
2

R T e A T o N o A R T L 0 0 A N A TR AT ot T
R I T e R A T A e I . R R A e e e R A e s



